We used immunocytochemistry to detect the 90 ~0 major heat shock protein (HSW), a potential regulator of gene expression, during male and female rat gonad development. In the Day 13.0 post-coital (dpc) fetal gonad, strong immunoreactivity to anti-HSP90 antibody was shown in the cytoplasm of primordial germ cells (PGCs). Other somatic cells in the gonad showed only faint reactivity. During testicular development, strong immunostaining was observed in the cytoplasm of embryonic germ cells and in spermatogonia and spermatocytes of the pre-pubertal testis. In adult testis reactivity of spermatogonia and pachytene spermatocytes was strong but reactivity of post-meiotic spermatogenic cells, i.e., secondary spermatocytes and spermatids, was ex-* pre-meiotic germ cells. (JHistochem Cyrdem KEY W O~S : HSP90; Primordial germ cell; Pre-meiotic germ cell; Meiosis; Immunocytochemistry. Towbin H, Staehelin T, Gordon J (1979): Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc Natl Acad Sci USA 76:4350 Tsai YH, Steinberger A (1982): Effect of sodium molybdate on the binding of androgen-receptor complexes to germ cell and Sertoli cell chromatin. J Steroid Biochem
Introduction
Both prokaryotic and eukaryotic organisms synthesize a distinct set of proteins when exposed to elevated temperatures (Lindquist, 1986; Schlesinger et al., 1982) . These proteins are termed heat shock proteins (HSPs). HSP synthesis is also induced by exposure to a variety of other stress conditions and agents such as anoxia, heavy metals, and viral infections. The evolutionary conservation of the cellular response to stress suggests that HSPs play an important role in the maintenance of cellular homeostasis. Some HSPs are also expressed under normal conditions as well as during stressful conditions, suggesting that they may also play a role in normal development (Lindquist and Craig, 1988) .
The major HSPs are grouped into three size classes: 20-30 KD family) (Lindquist and Craig, 1988) . The HSP70 family are thought to act as "molecular chaperones" helping in the assembly and disassembly of their target proteins (Gething and Sambrook, 1992; Rothman, 1989) . In mammalian testis, HSP70 cognate protein is HSPS, 68-73 KD HSPS (HSP70 family), and 80-90 KD HSPS (HSP90 Correspondence to: Seiichiroh Ohsako, Dept. of Veterinary Anatomy, Univ. of Tokyo, Bunkyo-ku, Tokyo 113, Japan. tremely reduced. During ovarian development, immunostaining was also observed in the oogonia and the oocytes of pre-pubertal ovary. However, the staining of oocytes was reduced with the development of primordial follicles during the fust week after birth. This study revealed that HSP90 is highly expressed in PGCs and continues to be expressed in both male and female pre-meiotic germ cells. The HSP90 accumulation may be essential for both male and female m a n u n a h 43~67- 76, 1995) constitutively expressed in specific spermatogenic cell types, especially in spermatids (Allen et al., 1988) . It is interesting that spermatogenic cells constitutively express HSP, as late meiotic and postmeiotic spermatogenic cells are sensitive to heat shock or heavy metal exposure (Vandemark and Free, 1970) .
The genetic and biochemical aspects of the HSP90 gene family have also been well studied. HSP90 is an abundant cytosolic protein even in unstressed cells. Two isoforms of HSP90 have been identified, which are encoded by different genes and differ slightly in apparent molecular weight (Minami et al., 1991) . They were designated as HSP89a and HSP89P in human (Hickey et al., 1989) and as HSP86 and HSP84 in murine (Moore et al., 1989) . HSP9O forms complexes with functionally important intracellular factors, including oncogene products (Oppermann et al., 1981) , heme-controlled eukaryotic initiation factor (eIF) 2a kinase (Rose et al., 1989) , and steroid hormone receptors (Catelli et al., 1985; Joab et al., 1984) . HSP90 appears to repress the activities of these cytosolic factors and potentially influences gene expression of the cell.
In mammalian testis, it has been reported that murine HSP86 mRNA is highly expressed in mouse testis, especially in pre-meiotic spermatogenic cells (Lee, 1990; Gruppi et al., 1991) . This finding is of particular interest with respect to studies on germ cell devel-opment, because mammalian germ cells differentiate in response to steroid hormones and are present within a tissue not only affected by but involved in the synthesis of steroid hormones.
The germ cell lineage begins with the primordial germ cells (PGCs), first observed in the extraembryonic mesoderm (Ginsberg et al., 1990) . These cells are'incorporated into the hindgut and subsequently migrate through the dorsal mesentery to the gonadal ridge (Tam and Snow, 1981) . During this migration process and gonadal development, PGCs proliferate (Eddy, 1975) . By the prepubertal period, the germ cells differentiate and enter meiosis (Clermont and Perey, 1957) . Thus far, understanding of germ cell lineage differentiation at the molecular level is extremely limited (Matsui et al., 1992; Godin et al., 1991) . The mechanism of migration and proliferation of PGCs and their differentiation into spermatogenic or oogenic cells is still poorly understood.
In this study we have observed HSP90 localization during male and female rat gonad development by immunocytochemistry and show that HSP90 is expressed not only in male pre-meiotic germ cells but also in female pre-meiotic germ cells. In addition, the function of HSP90 in the differentiation of germ cells in spermatogenesis and oogenesis is discussed. Animal and Tissue Preparations. Wister Imamichi strain rats used in this study were kept in our laboratory. Pro-estrous female rats were housed with males overnight and examined the next morning to confirm the presence of sperm in the vaginal smear. Eleven AM (1100 hr) was designated as Day 0.1 post coitus (dpc). Pregnant rats of 13.0 dpc, 15.5 dpc. 17.5 dpc, and 19.5 dpc were sacrificed under ether and pentobarbital anesthesia and embryos were excised and fixed with Bouin's solution overnight. A total of eight pregnant rats (two of each dpc) were sacrificed. In addition, immature rats were sacrificed at &day intervals from birth (Day 0) through Day 26 and the testes and ovaries were excised and fixed overnight. A total of 48 pups (three each for Days 0,4,8.12. and 18 and one each for the others) were sacrificed. In addition. three adult male and three adult female rats were perfused with 0.01 M PBS. pH 7.4. for 30 min and with Bouin's solution for 30 min at room temperature (RT) and the testes and ovaries were excised and further immersed in Bouin's solution overnight. The fixed tissues were embedded in paraffin and sectioned at 4 mm. More than three gonads from different individuals of each developmental stage except for Days 2.6. 10, 14, 16, and 20-26 gonads were treated by the same protocol and examined by immunocytochemistry.
Materials and Methods
Antibodies. Rabbit anti-HSP90 IgG was kindly provided by Drs. Yoshihiko Miyata and Ichiro Yahara of the Tokyo Metropolitan Institute of Medical Science. Basically, HSP9O was purified from mouse lymphoma L5178Y cells by several step chromatographies (Koyasu et al., 1986) . The rabbit antisera against mouse HSP90 was prepared by immunizing rabbits with the rabbit anti-HSP90 IgG suspended in PBS containing 0.1% BSA (BSAIPBS). They were then washed three times with PBS and incubated for 1 hr at RT with 36 ~g l m l biotinylated goat anti-rabbit IgG (Tago: Burlingame, CA) suspended in BSAIPBS. After washing with PBS. the sections were incubated with avidin-biotin-peroxidase complex (Vector; Burlingame. CA) for 30 min. After washing with PBS, 0.05% 3.3'-diaminobenzidine tetrahydrochloride (Sigma) and 0.01% H202 in PBS were applied to the sections for 3 min to develop the peroxidase reaction. For control experiments, sections adjacent to all positively stained sections were incubated with 10 VgIml normal rabbit IgG instead of primary antibody and processed by the same procedure described above. Furthermore. 10 pglml anti-HSP90 IgG was immunoabsorbed with 100 pg/ml purified HSP90 (Miyata and Yahara, 1992) . and then used as a primary antibody ( Figure 9 ). Cell types were identified by their morphology by high-magnification observation of hematoxylin-eosin-stained adjacent sections. The criteria used for the morphologies were described by Clermont and Perey (1957) and Beaumont and Mandl (1962) for postnatal rat testis and ovarian development. respectively. At least three sections from different individuals of each devclopmental stage except for Days 2. 6, 10. 14, 16 . and 20-26 were examined.
Results
purified protein. IgG fractions were prepared from the antisera using a protein A-Sepharose column (Miyata and Yahara. 1992) . The specificity (Towbin et al., 1979; Laemmli, 1970) using rat testicular cytosol and microsome fractions prepared by a procedure described previously (Ohsako et al., 1994) . The antibody recognized a cytosolic 90 KD single band ( Figure  1 ). Pre-immune normal rabbit IgG for all control experiments was also prepared by the same procedure.
blocking solution containing 20% normal goat serum (Sigma; St Louis. MO). 1% BSA, and PBS for 1 hr at RT to minimize nonspecific staining. After rinsing with PBS the sections were incubated for 1 hr at RT with 10 pglml On '3'' dpc* testicular
Organization was not yet Observed in embryos immunoreactivi~ with anti-HSP90 antibody was Seen in the cytoplasm Of Primordid germ cells ( p a ) in the developing gonadal ridge (Figure 2 ), indicating that HSP9O was abundantly expressed in PGCs. No immunoreactivity was observed in the nucleus, indicating that HSP9O was restricted to the cytoplasm. Cytoplasm of other somatic cells also showed immunoreactivity. For example, the cytoplasm of embryonic liver cells showed reactivity as strong as that of PGCs, and the cell cytoplasm of coelomic epithelium and mesonephros showed clear reactivity. Deparaffinized scctiom were blocked However, gonadal somatic cells. i.e., undifferentiated Sertoli cells and Leydig cells, showed only faint immunoreactivity.
Fetal ana' Pre-pubertaZ Zsth
After 13.5 dpc, testicular cord formation was evident over the entire gonad of the embryo (Kanai et al., 1991;  Magre and Jost, 1980) . Strong immunoreactivity for HSP90 was seen in the cytoplasm of germ cells (so-called gonocytes) in the testicular cords ( Figure 3) . However, only faint reactivity could now be detected in either Sertoli cells or interstitial cells. During the subsequent period of late fetal development. germ cells enter a long period of mitotic arrest while Sertoli cells are proliferating. On the day of birth (Day 0). gonocytes are found in the central region of the seminiferous tubules and Sertoli cells are localized along the basement membrane (McGuinness and Orth, 1992; Clermont and Perey, 1957) . High levels of HSP90 were detected in germ cell cytoplasm ( Figure 4A ). During the first week after birth, germ cells moved from the center to the basement membrane of the seminiferous tubules and began to resemble adult spermatogonia. Even during this migration period, HSP90 was highly expressed in the germ cell cytoplasm (Figures   4B and 4C) . Between Days 10 and 12, Type A spermatogonia begin mitotic division and Type B spermatogonia enter meiosis. Spermatocytes then move to the central apical region of the seminiferous tubules. Strong immunostaining of HSP90 was observed in the cytoplasm of spermatogonia contacting basement membrane of Day 12 and Day 18 ( Figures 4D and 4E, respectively) . Spermatocytes that had migrated into the luminal space of seminiferous tubules were also positive.
Adult %tis
In adult testis, strong reactivity for the HSP90 antibody was seen in the cytoplasm of spermatogonia. Pre-leptotene and leptotene spermatocytes also showed strong reactivity ( Figures 5C and 5D ). Spermatocytes of middle pachytene phase were positive ( Figure 5C ) but the reactivity was weaker than that of spermatogonia. Postmeiotic cells. including secondary spermatocytes, round spermatids, and elongated spermatids, showed only faint reactivity. Spermatozoa were negative. At seminiferous tubule Stage 14, diplotene and metaphase spermatocytes were present ( Figure 5D ). When the reac-. . ,...,.
. . tivities in these two types of cells were compared, HSP90 appeared to be significantly reduced just at metaphase of meiosis. Sertoli cells and interstitial cells, including Leydig cells, appeared negative in our immunocytochemical observation ( Figure 5F ).
Fetal and Pre-pubertal Ovary
In embryonic ovaries, oogonia are mitotically active up to 17.5 dpc (Beaumont and Mandl, 1962) . Strong immunostaining was seen in the cytoplasm of oogonia in embryonic ovaries ( Figure 6 ). After 17.5 dpc, several oogonia differentiate to leptotene oocytes. Pachytene phase oocytes were first observed after 20.5 dpc (data not shown). On the day of birth (Day 0). the germ cells are arranged in so-called "nests" surrounded by proliferating mesenchymal cells. In these nests, pachytene phase oocytes showed strong reactivity ( Figure 7A ). Strong immunoreactivity was still present in the cytoplasm of pachytene phase oocytes of the Day 2 neonate (Figure 7B) . However, by Day 4 the reactivity of oocytes in the central region of the ovary was reduced ( Figure 7C ). During the first week of neonatal life, the oocytes began to be surrounded by follicular epithelial cells, resulting in formation of the primordial follicles. The follicular epithelial cells showed weak reactivity ( Figures 7D  and 7E) . Although a few oocytes showed some reactivity by Day 8 (Figure 7D ), most oocytes, including oocytes in the primordial and primary follicles, showed only faint staining. By Day 12, the staining of all oocytes in ovary was clearly reduced ( Figure 7E ).
Adult Ovary
In the adult ovary, no single cell type showed the strong immunoreactivity that was seen in the germ cells of the immature gonads. Cytoplasm of the diplotene oocyte in the primary follicle was slightly stained ( Figure 7F ). Corpus luteum appeared to be negative. However, slight immunostaining was observed in granulosa cell cytoplasm ( Figure 7F ). Cumulus cells surrounding the matured oocyte and in contact with follicular fluid showed especially clear immunostaining ( Figure 8B ). Although most oocytes in the adult ovary appeared negative, immunostaining was surprisingly detected in the nucleus of oocytes in the Graffian follicles. The nuclear staining of the Graafian follicles ( Figure 8B ) was stronger than that in the secondary follicles ( Figure 8A ).
Discussion
We have demonstrated that HSP90 is highly expressed in the cytoplasm of primordial germ cells (PGCs) proliferating in the embryonic gonads. Since the anti-HSP90 antibody used in this study can recognize both HSP90a and HSP90B (Miyata and Yahara. 1992; Minami et al.. 1991) . it was unclear which isoform was recognized in the PGCs. Although gonadal somatic cells (Sertoli and Leydig cells) were negative in our immunocytochemistry procedure, either HSP90 isoform could be expressed at levels too low to detect by this procedure in all gonadal cells. It is well documented that a doubledeletion mutation of HSP83 and HSP82 (aand B-isoforms of yeast HSP90, respectively) genes is lethal in S. cerevisiae (Borkovich et al., 1989; Lindquist and Craig, 1988 ). This indicates that HSP90 genes are essential for the maintenance of cellular function. Although in our in vivo observation several cell types, including Ser- toli cells and Leydig cells, appeared to be negative, low levels of expression should occur in these cells.
The origin of germ cells in mammals is still controversial because of the lack of good in situ markers (Ginsberg et al., 1990) . We could not test HSP90 antibody reactivity in embryos before 13.0 dpc. However, we suggest that HSP90 should be expressed at high levels in PGCs during very early stages of development. Therefore, HSP9O can be a useful in situ marker for PGCs in addition to the alkaline phosphatase reaction (Chiquoine, 1954) .
PGCs in mammals are believed to differentiate from extraembryonic mesodermic cells (Ginsberg et al.. 1990; Tam and Snow, 1981) . These cells are incorporated into the hindgut and subsequently migrate through the dorsal mesentery to the gonadal ridges (Eddy, 1975) . During this migration process, PGCs proliferate continuously. It has recently been revealed the PGC proliferation needs the production of a Sertoli cell factor, which was found by genetic analysis of the steel (SL) mutant mouse (Rossi et al., 1993) and the c-kit proto-oncogene product found by analysis of white spotting (W) mutant mice (Geissler et al.. 1988) . The c-kit gene encodes a PGC cell surface receptor with tyrosine kinase activity. The interaction between HSP90 and several cytosolic oncogene products, such as pp60v3rc, is well known (Oppermann et al., 1981) . It is interesting to speculate that HSP90 might interact with the c-kit product of PGCs.
Our study has also shown that HSP90 is highly expressed in the male germ lineage during gonad development, from PGCs to adult testis spermatogonia. However, proliferating somatic cells such as Sertoli cells, Leydig cells, and peritubular myoid cells appeared to be negative for HSP90 antibody staining. Germ cells in the male gonadal ridge continue to proliferate, but stop proliferating just before birth (Ginsberg et al., 1990; 18m and Snow, 1981) . Our results suggest that in the seminiferous epithelium, high-level expression of HSP90 may not be necessary for somatic cells but rather appears important for pre-meiotic germ cells.
In adult testis HSP9O was also present at high levels in spermatogonia. However, spermatocytes appear to express a lower level of HSP90 than do spermatogonia. Furthermore, HSP9O is barely detectable, if at all, in spermatids, indicating that HSP90 expression is gradually reduced during spermatogenesis. This finding suggests that HSP90 is involved in the pre-meiotic development of spermatogenic cells. In agreement with our immunocytochemical results, Lee (1990) and Gruppi et al. (1991) detected high levels of HSP90 transcripts in mouse meiotic prophase spermatogenic cells by Northern blot analysis and in situ hybridization using specific probes to human HSP89 (a and f3). Since they showed that mouse HSP86 gene transcripts identical to the a-isoform are expressed more abundantly than the P-isofom, we suggest that the protein that we detect in spermatogonia is most likely the HSP90a isoform of rat.
HSP90 has been shown to be associated with various steroid hormone receptors in the non-DNA-binding form. Disassociation of HSP90 from the receptor converts it to its DNA-binding form (Beato, 1989; Tsai and Steinberger, 1982) . The receptor, once released from HSP90. can enter the nucleus and interact with target DNA sequences to effect gene expression. Therefore, HSP90 can be called a potential regulator of gene expression. It is still unclear if germ cells have biologically active steroid hormone receptors (Tsai and Steinberger. 1982) . Our finding of high expression of HSP90 in the pre-meiotic germ cells leads us to speculate that large numbers of steroid hormone receptors should be present in pre-meiotic germ cells.
On the other hand, PGCs and oogonia in fetal ovary synthesized HSP90 at .high levels. Although reactivity for HSP9O was observed in germ cells until 8 days after birth, it is reduced with primordial follicle development. In the mammalian ovary, germ cell meiosis usually begins before or after birth and the diplotene oocyte is first identifiable several days later. During the pre-pubertal period, the remaining oocytes reach diplotene stage and synchronously all the oocytes stop their differentiation (Baker, 1972) . In the rat, the diplotene oocyte can be identified by 3 days after birth (Beaumont and Mandl, 1962) . Our observation clearly revealed that diplotene oocytes did not show immunoreactivity, indicating that HSP9O synthesis is reduced during meiotic prophase.
However, the reactivity in oocytes is restored with maturation of the follicle. In adult ovary we found that cumulus cells and the nucleus of preovulatory oocytes were positive. This finding corroborates the observation by Curci et al. (1987) that the 89 KD HSP is expressed in pre-ovulatory oocytes as well as in granulosa cells. In addition, our findings indicate that HSP90 translocates to the nucleus in the pre-ovulatory oocyte. It is generally thought that HSP90 is primarily located in the cytoplasm, but the translocation of HSP90 to the nucleus was previously reported (Berbers et al., 1988) . However, the biological significance of the translocation is still obscure. The pre-ovulatory oocyte would be a good model for the study of HSP90 nuclear translocation.
Taking these findings together, it is clear that HSP9O synthesis is reduced at or just before meiotic prophase in both male and female germ cells. Although HSP90 gene expression in pre-meiotic germ cells of the male mouse has already been reported (Gruppi et al., 1991; Lee, 1990) , the fact that reduction of HSP90 synthesis in oogenesis occurs at the same meiotic phase as in spermatogenesis has not been previously reported. This observation suggests that once spermatogonia and oogonia enter meiosis, both cells no longer require high levels of HSP90.
In summary, we have shown that HSP90. a potential regulator of gene expression, is highly expressed in PGCs and pre-meiotic germ cells of both male and female, suggesting that HSP90 is involved in pre-meiotic differentiation of the germ cells. We expect to investigate the factors forming complex with HSP90 in the germ cell cytoplasm and to analyze transcription factors regulating mammalian HSP90 gene expression.
